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Abstract 
Current theories of language recovery after stroke are limited by a reliance on small 
studies. Here, we aimed to test predictions of current theory and resolve inconsistencies 
regarding right hemispheric contributions to long-term recovery. We first defined the 
canonical semantic network in 43 healthy controls. Then, in a group of 43 patients with 
chronic post-stroke aphasia, we tested whether activity in this network predicted 
performance on measures of semantic comprehension, naming, and fluency while 
controlling for lesion volume effects. Canonical network activation accounted for 22-
33% of the variance in language test scores. Whole-brain analyses corroborated these 
findings, and revealed a core set of regions showing positive relationships to all language 
measures. We next evaluated the relationship between activation magnitudes in left and 
right hemispheric portions of the network, and characterized how right hemispheric 
activation related to the extent of left hemispheric damage. Activation magnitudes in the 
each hemispheric network were strongly correlated, but four right frontal regions showed 
heightened activity in patients with large lesions. Activity in two of these regions 
(inferior frontal gyrus pars opercularis and supplementary motor area) was associated 
with better language abilities in patients with larger lesions, but poorer language abilities 
in patients with smaller lesions. Our results indicate that bilateral language networks 
support language processing after stroke, and that right hemispheric activations related to 
extensive left hemisphere damage occur outside of the canonical semantic network and 
differentially relate to behavior depending on the extent of left hemispheric damage.  
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Introduction  
 
Functional neuroimaging of language recovery after stroke  
Aphasia commonly occurs in patients with strokes affecting the left middle 
cerebral artery (LMCA) territory, and is one of the most debilitating consequences of 
stroke since language impairments affect nearly every aspect of daily life [Maas et al., 
2012]. Language recovery after LMCA stroke is variable, with many survivors 
experiencing chronic deficits [Charidimou et al., 2014; Lazar et al., 2008; Pedersen, 
1995]. Current theories of aphasia recovery are based primarily on evidence obtained 
from functional neuroimaging studies [Heiss and Thiel, 2006; Saur and Hartwigsen, 
2012; Turkeltaub et al., 2011]. During early recovery, patients have been observed to 
show an up-regulation of right hemispheric responses to language tasks [Heiss et al., 
1999; Saur et al., 2006] that is thought to reflect a transient compensatory mechanism 
triggered by the acute disruption of left hemispheric function by the ischemic event 
[Hartwigsen et al., 2013; Saur et al., 2006; Thiel et al., 2006]. In later stages of recovery, 
the gradual reinstatement of left hemispheric capacity for language processing is thought 
to decrease the need for right hemispheric compensation, resulting in a return of 
relatively balanced hemispheric activation patterns [Hamilton et al., 2011; Heiss and 
Thiel, 2006; Saur et al., 2006; Saur and Hartwigsen, 2012; Turkeltaub et al., 2011]. Thus, 
the general principle to be inferred from functional neuroimaging studies of language 
recovery after stroke might be summarized as follows: good long-term language 
outcomes depend primarily on the preservation and/or restoration of close-to-normal 
function in canonical brain language networks.  
While there is consistent support in the literature for a primary role of the 
canonical left hemispheric language networks in supporting language recovery after 
stroke, the role of the right hemisphere is less clear, particularly with regard to the 
chronic recovery phase. This is likely due, in part, to an oversimplified conceptualization 
of right hemispheric contributions to recovery in much of the literature [Turkeltaub et al., 
2012]. Nonetheless, seemingly discrepant findings regarding the role of the right 
hemisphere pose an obstacle to developing a deeper understanding of how/when the right 
hemisphere contributes to language recovery. For example, there is evidence that 
activation of right inferior frontal [Belin et al., 1996; Griffis et al., 2016b; Rosen et al., 
2000; Winhuisen et al., 2005; Winhuisen et al., 2007] and right superior temporal [Heiss 
et al., 1999; Karbe et al., 1998; Szaflarski et al., 2013] areas during language tasks are 
associated with poorer language function, although there is also evidence that activation 
of right inferior frontal [Mattioli et al., 2014; van Oers et al., 2010; Raboyeau et al., 2008; 
Saur et al., 2006] and right anterior superior temporal [Crinion and Price, 2005] regions 
may support residual language processing and contribute to language recovery.  
One explanation for such seemingly discrepant relationships is that when the left 
hemisphere is not sufficiently preserved, the initial reliance on right hemispheric 
language network homologues persists beyond early recovery, and the lack of left 
hemispheric involvement leads to poorer recovery relative to when left hemispheric 
function is successfully restored [Heiss et al., 1999; Heiss and Thiel, 2006; Karbe et al., 
1998; Szaflarski et al., 2013; Turkeltaub et al., 2011]. In this case, the direction of the 
observed relationship between right hemispheric activation and language task 
performance might depend on the characteristics of the patient sample. For example, right 
hemispheric activation might show a positive relationship to language abilities in a 
sample that primarily consists of severely impaired patients with extensive left 
hemispheric damage, whereas a negative relationship might be observed in a sample that 
includes patients with various degrees of impairment and varying extents of left 
hemispheric damage [Saur and Hartwigsen, 2012].  
 
Sample sizes in functional neuroimaging studies of aphasia recovery 
A limitation shared by many of the studies that form the foundation for current 
theories of recovery is that they typically utilize small patient samples [Saur and 
Hartwigsen, 2012], and this has the potential to (1) increase the risk of detecting spurious 
effects that do not generalize beyond the sample being studied, (2) reduce power to detect 
real effects, and (3) produce inflated estimates of the magnitudes of detected effects. 
Indeed, it has been previously noted in the context of neuroimaging that correlation 
estimates based on small samples are also unstable and can be disproportionately 
influenced by outlier data points [Poldrack, 2012]. Further, the power to detect between-
subject effects is reduced in small samples [Yarkoni, 2009], and these relationships are 
often of primary interest in neuroimaging studies of language recovery after stroke. Even 
for real effects, small sample sizes inflate estimates of effect size, such that for a 
relationship with a population r of 0.3, the average observed sample r in samples of 20 
patients is expected to be around 0.73 [Yarkoni, 2009].  
To illustrate the prevalence of small sample sizes in functional neuroimaging 
studies (i.e. not including structural/lesion-mapping studies) of post-stroke aphasia, we 
performed a literature search using Google Scholar. Using the search terms “aphasia 
fmri”, “aphasia pet”, “aphasia neuroimaging”, “aphasia recovery”, “aphasia imaging”,  
and “language recovery after stroke”, we identified 84 functional neuroimaging (i.e. not 
including structural/lesion-mapping studies) studies published between 1995 and 2016 
with accessible texts. Across all 84 studies, the average patient sample size was only 
about 10 patients (mean = 10.33, SD = 8.44; Figure 1), and 87% (73/84) had fewer than 
20 patients. The single largest sample was reported by a study published this year 
[Geranmayeh et al., 2016] that collected data from 53 sub-acute patients (see 
Supplementary Material S1 for individual study sample sizes and a full reference list). 
While these estimates are based on a relatively coarse literature search, we note that they 
are in close agreement with the previous observation by Saur and Hartwigsen [2012] that 
neuroimaging studies of therapy-induced aphasia recovery typically feature typically less 
than 10 patients.  
Despite the limitations of small samples in individual studies, meta-analytic 
methods such as activation likelihood estimation (ALE) provide a means for identifying 
consistent effects in the literature [Wager et al., 2007]. However, we are aware of only 
one such published meta-analysis of the functional neuroimaging of aphasia recovery 
literature [Turkeltaub et al., 2011]. Larger studies, in conjunction with meta-analytic 
assessments of the published literature, are crucial for resolving discrepancies in the 
literature and for building generalizable theories of recovery that are based on robust 
empirical evidence.  
  
Statistical control for lesion volume in functional neuroimaging of aphasia 
recovery 
A second potential limitation shared by most functional neuroimaging studies of 
language recovery after stroke is a lack of statistical control for lesion volume effects on 
imaging-behavior relationships. This is somewhat surprising given that the use of 
statistical controls to reduce confounds related to lesion volume effects is relatively 
common in lesion-symptom mapping research [Rorden and Karnath, 2004; Schwartz et 
al., 2009; Zhang et al., 2014]. The logic behind using statistical controls to account for 
lesion volume effects is that since (1) larger lesions are often associated with more severe 
impairments [Allendorfer et al., 2012; Butler et al., 2014; Cheng et al., 2014; Karnath et 
al., 2004; Kümmerer et al., 2013; Meltzer et al., 2013; van Oers et al., 2010; Rorden and 
Karnath, 2004; Szaflarski et al., 2013; Yarnell et al., 1976], and (2) larger lesions have a 
higher probability of including both task-relevant and task-irrelevant voxels [Karnath et 
al., 2004; Rorden and Karnath, 2004; Schwartz et al., 2009; Zhang et al., 2014], lesion 
volume effects have the potential to introduce bias into measurements of lesion-behavior 
relationships at voxels that are primarily damaged in patients with large lesions [Karnath 
et al., 2004; Zhang et al., 2014]. In functional neuroimaging, the probability that a voxel 
is active during task performance depends on the probability that the tissue at that voxel 
is spared, and the probability that the tissue at a given voxel in the left hemisphere is 
spared depends on the size of the lesion. Therefore, the potential for lesion volume 
confounds is logically extendable to relationships between functional neuroimaging 
activation and behavior, and it is possible that a lack of controls for such effects could 
introduce bias into functional neuroimaging studies of recovery.  
 
Study aims and hypotheses  
In the current study, we first tested what we consider to be the primary prediction 
of current models of language recovery after stroke using a relatively large (n=43) sample 
of patients with chronic (> 1 year) post-stroke aphasia and a sample (n=43) of 
demographically matched healthy controls. Specifically, we tested the prediction that 
long-term language outcomes depend on the preservation/restoration of language task-
driven activation in canonical language networks. To test this prediction, we first defined 
the canonical semantic network (CSN) as the set of regions that were more strongly 
activated by semantic decisions relative to tone decisions in the healthy controls. This 
bilateral but predominantly left-lateralized network is well-suited for testing the 
prediction that residual language abilities depend on the preservation/recovery of activity 
within distributed canonical language networks as it is (1) well-characterized in healthy 
individuals, and (2) consists of distributed brain regions that include the left angular 
gyrus (AG)/posterior inferior parietal lobule (pIPL), left middle temporal gyrus (MTG), 
left parahippocampal gyrus (PHG), left dorsal superior frontal gyrus (dSFG), left inferior 
frontal gyrus (IFG), and left posterior cingulate cortex (PCC) [Binder et al., 1997; Binder 
et al., 1999; Binder et al., 2008; Binder et al., 2009; Kim et al., 2011; Szaflarski et al., 
2002; Xu et al., 2016]. Thus, we tested whether task-evoked activity in the CSN 
identified in controls predicted in-scanner performance on the semantic decision task, 
out-of-scanner performance on verbal fluency tasks, and out-of-scanner performance on a 
picture naming task in the patient group (with and without controls for lesion volume 
effects). We note that while the in-scanner and out-of-scanner tasks differ in their 
emphases on speech comprehension and speech production, respectively, previous 
studies suggest that activity evoked by speech comprehension tasks may also relate 
performance on other measures of language function that include speech production tasks 
[e.g. Saur et al., 2006; Szaflarski et al., 2013]. Other previous studies also suggest that 
speech production networks (i.e. regions activated during word/verb generation) are also 
activated (albeit somewhat less strongly) during sentence comprehension tasks 
[Piervincenzi et al., 2016], and that estimates of language lateralization based on 
activations measured during both speech production and auditory semantic decision tasks 
show similar relationships to estimates based on intracarotid amobarbital measurements 
[Szaflarski et al., 2008]. 
Additionally, we tested the explanation that strong right hemispheric activation in 
chronic patients reflects compensation driven by a reduced capacity of the left 
hemisphere to perform language-related processing. As noted in the previous paragraph, 
the CSN has bilateral components [e.g. Binder et al., 2009], and thus activation of the 
right hemispheric network might be expected to increase to compensate for reduced left 
hemispheric network function [e.g. Hartwigsen et al., 2013]. While previous studies have 
investigated how activity in the right hemisphere relates to the effects of damage to 
specific left hemispheric regions [Blank et al., 2003; Sims et al., 2016; Turkeltaub et al., 
2011], we are not aware of any studies that have directly measured the how activation in 
the right hemisphere relates to the extent of damage sustained by the left hemisphere.  
Further, the notion that language-task evoked activation in the right hemisphere is 
most pronounced in patients with extensive left hemispheric lesions is commonly 
discussed in the literature [Hamilton et al., 2011; Heiss and Thiel, 2006]. Despite its 
intuitive appeal, there appears to be little empirical evidence to support this claim. For 
example, a recent review of the mechanisms of language recovery after stroke [Hamilton 
et al., 2011] cites only two reports to support the unambiguous assertion that “larger 
lesions involving eloquent cortex of the left hemisphere are associated with greater 
recruitment of the right hemisphere during language tasks”. One is an earlier review 
[Heiss and Thiel, 2006] that discusses this idea within the context of a larger hierarchical 
model of recovery but does not itself provide empirical support for the veracity of this 
claim in stroke patients, and the other [Kertesz et al., 1979] is a computerized 
tomography study that shows more extensive left hemispheric damage to be predictive of 
more severe aphasia and poorer language recovery after stroke, but that does not relate 
lesion size to any measurement of functional activation. Therefore, we sought to 
empirically test the hypotheses that right hemispheric language task activation in chronic 
stroke patients reflects compensation driven by reduced left hemispheric function, and 
that this effect is most pronounced in patients with the most extensive left hemispheric 
damage. We expected, based on the literature discussed above, that higher levels of right 
CSN activation during semantic decisions would be associated with (1) lower levels of 
left CSN activation, and (2) more extensive left hemispheric damage. As noted above, the 
CSN is predominantly left-lateralized (i.e. the right and left CSN are not mirror-
symmetric), and so we also assessed these effects in right hemispheric regions mirroring 
the left CSN.  
Finally, because we are not aware of any studies that have directly measured the 
effect of left hemispheric lesion volume on regional activation in the right hemisphere, 
we characterized regions in the right hemisphere where task-driven responses correlated 
with left hemispheric lesion volume. To address the question of  whether activity in these 
regions might reflect beneficial compensation that is most pronounced for patients with 
extensive left hemispheric damage, we further assessed whether relationships between 
activity in these regions and language measures depended on the extent of left 
hemispheric damage.  
 
Materials and Methods 
Participants  
 All study procedures were approved by the Institutional Review Boards of the 
participating institutions and were performed in accordance with Declaration of Helsinki 
ethics principles and principles of informed consent. For the current study, we used 
functional MRI data collected from 43 chronic post-stroke aphasia patients and 43 
healthy controls. Imaging and behavioral data for the post-stroke aphasia patients were 
collected as part of several separate studies performed by our laboratory. Prior to 
inclusion, all participants were screened to exclude individuals that had diagnoses of 
degenerative/metabolic disorders, had severe depression or other psychiatric disorders, 
were pregnant, were not fluent in English, or had any contraindication to MRI/fMRI. 
Patients were included in the current study if they had a single left hemispheric stroke 
resulting in aphasia at least 1 year prior to data collection. Data for the control 
participants were selected from a database of 150 healthy individuals collected as part of 
several studies performed by our laboratory, and were selected based on age group (19-
29, 30-39, 40-49, 50-59, 60+), handedness as determined by the Edinburgh Handedness 
Inventory [Oldfield, 1971], and sex to minimize differences in demographics with respect 
to the patient group. Participant demographics are shown in Table 1. A more detailed 
characterization of patient demographics is provided in the Supplementary Material (S2). 
 
Language measures 
Prior to MRI scanning, all participants were administered a battery of 
neuropsychological language assessments. All participants performed the Boston Naming 
Test (BNT) [Kaplan et al., 2001], Semantic Fluency Test (SFT) [Kozora and Cullum, 
1995], and Controlled Oral Word Association Test (COWAT) [Lezak et al., 1995]. The 
BNT requires patients to name a series of black and white line drawings that contain both 
animate and inanimate items that vary in frequency of use (e.g. bed vs. abacus), and the 
number of correctly named pictures serves as a measure of naming ability. The SFT 
requires patients to generate as many words as they can think of that fit a given category 
prompt (animals/fruits and vegetables/things that are hot) within a one-minute time limit, 
and the number of words generated serves as a measure of category fluency. The 
COWAT requires patients to generate as many words as they can think of that begin with 
a particular letter (C/F/L) within a one-minute time limit, and the number of words 
generated serves as a measure of phonemic fluency. Performance scores for the COWAT 
and SFT were very strongly correlated across patients (r=0.92), so they were averaged 
together to define a single combined measure of verbal fluency. Performance scores for 
the verbal fluency measure were correlated, albeit less strongly, with performance scores 
for the BNT (r=0.76). Individual patient language task data are provided in the 
Supplementary Material (S2).  
 
Neuroimaging data collection 
MRI data were collected at the University of Alabama at Birmingham using a 3T 
head-only Siemens Magnetom Allegra scanner located in the Civitan International 
Research Center Functional Imaging Laboratory. These data consisted of 3D high-
resolution T1-weighted anatomical scans (TR/TE = 2.3 s/2.17 ms, FOV = 
25.6×25.6×19.2 cm, matrix = 256x256, flip angle = 9 degrees, slice thickness = 1mm), 
and two T2*-weighted gradient-echo EPI pulse functional scans (TR/TE = 2.0 s/38.0 ms, 
FOV = 24.0x13.6x24.0, matrix = 64x64, flip angle = 70 degrees, slice thickness = 4 mm, 
165 volumes per scan). MRI data were also collected at the Cincinnati Children’s 
Hospital Medical Center on a 3T research-dedicated Phillips MRI system located in the 
Imaging Research Center. These data consisted of 3D high-resolution T1-weighted 
anatomical scans (TR/TE = 8.1 s/2.17 ms, FOV = 25.0×21.0×18.0 cm, matrix = 252x211, 
flip angle = 8 degrees, slice thickness = 1mm) and two T2*-weighted gradient-echo EPI 
pulse sequence functional scans (TR/TE = 2.0 s/38.0 ms, FOV = 24.0x13.6x24.0, matrix 
= 64x64, flip angle = 70 degrees, slice thickness = 4 mm, 165 volumes per scan).  
Functional MRI scans were acquired while participants completed alternating 30 
second blocks of a semantic decision/tone decision task. This fMRI task was selected 
because it has been previously shown to result in robust activation in canonical areas 
involved in semantic language processing [Binder et al., 1997; Kim et al., 2011], and has 
been used extensively to evaluate language network activation in healthy and diseased 
populations that include patients with chronic post-stroke aphasia [e.g. Eaton et al., 2008; 
Szaflarski et al., 2008; Szaflarski et al., 2011]. 
 The active condition (semantic decision -- SD) was performed 5 times during 
each scan. Each block of the active condition consisted of 8 trials where participants were 
presented with spoken English animal names. On each trial, participants decided if the 
presented animal met the criteria “native to the United States” and “commonly used by 
humans”. If both criteria were satisfied, then the participants responded “1” by using their 
non-dominant hand to press a button. If both criteria were not satisfied, then the 
participants responded “2” by using their non-dominant hand to press a second button. 
The control condition was performed 6 times during each scan. Each block of the control 
condition (tone decision – TD) consisted of 8 trials where participants were presented 
with brief sequences of four to seven 500- and 750-Hz tones. On each trial, participants 
decided if the sequence contained two 750-Hz tones. If the sequence contained two 750 
Hz tones, then they pressed the button designated “1” with their non-dominant hand. 
Otherwise, they pressed the button designated “2” with their non-dominant hand. Each 
scan lasted 7 minutes and 15 seconds. Prior to completing the task in the MRI scanner, all 
participants confirmed their understanding of the task by performing a mock run that 
included a sequence of five sets of tones followed by a sequence of five nouns 
designating different animals. In-scanner task data were not collected for 4 patients due to 
hardware issues, and they were excluded from analyses investigating relationships 
between fMRI activation and in-scanner performance. 
 
Neuroimaging data processing 
 All MRI data were processed using Statistical Parametric Mapping (SPM) 
[Friston et al., 1995] version 12 running in MATLAB r2014b (The MathWorks, Natick 
MA, USA). Functional MRI scans were pre-processed using a standard pre-processing 
pipeline consisting of slice-time correction, realignment/reslicing, co-registration of the 
fMRI data to the corresponding anatomical scan, unified segmentation with optimized 
tissue priors for lesioned brains and normalization of the anatomical scan to MNI space 
[Ripollés et al., 2012; Seghier et al., 2008], normalization of the functional scan to MNI 
space using the transformation applied to the anatomical scan, and spatial smoothing 
using an 8mm full-width half maximum Gaussian kernel. This pipeline enables accurate 
template registration and normalization even for patients with structural abnormalities 
such as those observed in stroke patients [Ripollés et al., 2012]. To reduce the potential 
for motion-related artifacts, functional scans were motion-corrected by replacing volumes 
with >0.5mm motion with an interpolated volume created from adjacent volumes 
[Mazaika et al., 2005]. 
 Lesion probability maps were created for each patient using a voxel-based naïve 
Bayes classification algorithm that was developed by our laboratory and is implemented 
in the lesion_gnb toolbox for SPM12 [Griffis et al., 2016a]. While automated 
classification with this method compares favorably to manual lesion delineation for large 
and small lesions [Griffis et al., 2016a], we opted to manually threshold the resulting 
posterior probability maps to ensure that they precisely reflected the extent of the lesion. 
Our decision to manually threshold the resulting posterior probability maps was primarily 
motivated by the potential for automated methods to introduce false positive voxel 
clusters in patients with small lesions [e.g. Griffis et al., 2016a; Wilke et al., 2011], and 
while an arbitrary cluster threshold (i.e. 100 voxels) is often sufficient to remove these 
clusters, it is not guaranteed. Further, as we note in our report describing the validation of 
our method [Griffis et al., 2016a] it is important to inspect the lesion masks as a quality 
control step, and by manually thresholding the probability maps produced by the 
automated classification procedure, we were able to ensure that the final lesion masks 
accurately reflected each patient’s lesion. The resulting binary lesion masks were used to 
estimate lesion volume and lesion-ROI overlaps, and were used in all further lesion 
analyses. Lesion frequencies across all 43 patients are shown in Figure 2A. Individual 
patient lesion images are provided in the Supplementary Material (S2).  
For each participant, the pre-processed fMRI data were fit to a general linear 
model (GLM) where task blocks were modeled as boxcar regressors convolved with a 
canonical hemodynamic response function (HRF). In order to account for variability in 
the time-to-peak of the HRF, time and dispersion derivatives were included as basis 
functions [Meinzer et al., 2013]. Note that since data were collected using a blocked 
design, separate modeling of correct vs. incorrect trials was not possible. Linear contrast 
estimate maps were then computed to quantify the difference in activation magnitudes 
between the active and control conditions. These contrast maps were used for all further 
functional MRI analyses.  
 
Statistical Analyses 
Group differences on behavioral measures were assessed for descriptive purposes 
using two-tailed independent samples t-tests with degrees of freedom adjustment for 
unequal variances.  
To identify regions that showed significant group-level activation for each group, 
the first-level contrast estimate maps from all individuals in each group were entered into 
separate second-level t contrasts quantifying the difference in peak HRF magnitude 
between the SD and TD conditions. Regional activation was considered significant if it 
survived a combined voxel-level intensity (p-value) threshold of 0.01 and a cluster-level 
extent threshold of p<0.05 corrected (kcrit=99 voxels) to control the whole-brain family-
wise error rate (FWE) at 0.05 as determined by 1000 Monte Carlo simulations [Slotnick 
et al., 2003]. The thresholded map obtained for the control group was then binarized, 
creating a CSN region-of-interest (ROI) mask where statistically significant voxels had a 
value of 1 and all other voxels had a value of 0. For each patient, the mean contrast 
estimate across all voxels within this CSN ROI was then extracted from their first-level 
contrast estimate map, quantifying the average magnitude of the task-driven response in 
the CSN. These estimates were used in subsequent ROI correlation analyses. Group 
differences in activation within the CSN were assessed for descriptive purposes using an 
independent samples t-test with degrees of freedom adjustment for unequal variances. 
Lesion-ROI overlaps were calculated for each patient using the lesion masks created 
during pre-processing. The correlation between total lesion volumes and lesion-ROI 
overlaps indicated that lesion-ROI overlap was a close linear transformation of lesion 
volume (r=0.93).  
To assess the unique relationships between activity in the CSN and language 
function in chronic patients, the mean contrast estimate quantifying activation within the 
HC-defined CSN was then entered as an independent variable in 3 separate partial 
correlation analyses. The dependent variables for each analysis were the performance 
scores for the in-scanner SD task (% correct responses) and performance scores for the 
out-of-scanner naming and fluency tasks. Each model included total lesion volume as a 
covariate to account for variance attributable to lesion volume effects. Analyses were 
repeated without lesion volume control. Linear correlation analyses assessing imaging-
behavior relationships were also performed for the control group using the CSN ROI. To 
fully characterize relationships between regional language task activation and 
performance on the in-scanner and out-of-scanner language tasks, three whole-brain 
multiple regressions (one for each language task) were performed that each included 
lesion volume as a covariate. Because patient data were collected on different scanners, 
all correlational analyses for the patient group were repeated with scanner included as a 
covariate, with and without lesion volume control. These analyses are provided in the 
Supplementary Material (Supplementary Figure 4). 
To test whether the magnitude of activation in right hemispheric portions of the 
CSN was increased in patients with lower levels of activation in left hemispheric portions 
of the network, the CSN ROI mask was split into left and right hemispheric components. 
For each patient, the mean contrast estimate was then extracted from each hemispheric 
ROI as described above. Linear correlations were assessed between the mean contrast 
estimates obtained from each hemisphere with and without lesion volume control. 
Correlations were also assessed between left hemispheric and right hemispheric 
activation in controls. To explicitly test for this effect in right hemispheric homologues of 
the left hemisphere network and control for differences in extent between left and right 
hemispheric portions of the CSN, these analyses were also repeated using a right 
hemispheric ROI that was defined by simply mirroring the left-hemispheric ROI to the 
right hemisphere. To assess whether out-of-network right hemispheric homologues of the 
left hemispheric CSN (i.e. regions that were activated in the left, but not right hemisphere 
in controls) differed from the right hemispheric CSN with regard to their relationship to 
left hemispheric CSN activation, a right hemispheric out-of-network homologue ROI was 
created by subtracting the right hemispheric CSN from the mirrored left hemispheric 
CSN (see Figure 4A for illustrations of each ROI). Differences in activation between left 
and right hemispheric networks were assessed with dependent samples t-tests for each 
group. Between-group differences in activation for left and right hemispheric networks 
(and differences in activation between left and right hemispheric networks) were assessed 
with unequal variance t-tests. Between-group differences in the strengths of correlations 
between left and right CSN ROIs were assessed using z-tests [Fisher, 1921]. 
Lastly, to assess the effect of lesion size on task-driven activation in the right 
hemisphere, we performed an additional whole-brain linear regression analysis that was 
restricted to the right hemisphere and included only total lesion volume as a predictor. 
Post-hoc moderation analyses were performed for right hemisphere clusters that showed 
significant positive correlations between activation magnitudes and lesion volume in 
order to assess whether activity in these regions reflected beneficial compensation in 
patients with larger lesions. For each identified cluster, three separate multiple regression 
analyses (one for each language measure) were performed that each included mean 
activation magnitudes for that cluster, total lesion volume (entered as a proportion of the 
maximum lesion volume), and the interaction term between mean cluster activation and 
lesion volume. For these post-hoc analyses, only the interaction effects were of interest, 
since we our hypothesis was that the benefit of recruiting these regions would depend on 
the extent of left hemispheric damage.  
Statistical tests were two-tailed and significance thresholds were set as follows. 
Results for group comparisons and for each set of ROI-based analyses were considered 
significant if they survived a Bonferroni-Holm step-down correction procedure to control 
the FWE at 0.05 across each set of tests, since this method provides good protection 
against Type I errors and better power than standard Bonferroni correction [Aickin and 
Gensler, 1996]. T-contrast maps for the effects of interest from each of the whole-brain 
multiple regression analysis were thresholded at p<0.01, uncorrected at the voxel level 
and multiple comparisons corrected at the cluster level to control the cluster-wise FWE at 
0.01 (kcrit = 126 voxels, as determined by 1000 Monte Carlo simulations) for each 
contrast. Since power is often lower for analyses of moderation [Jaccard et al., 1990], the 
post-hoc moderation analyses were multiple comparisons corrected using a more lenient 
False Discovery Rate (FDR) correction threshold of 0.10 [Benjamini and Hochberg, 
1995] computed across the interaction term p-values for all moderation models.  
We note that a recent report [Eklund et al., 2016] has called into question the 
validity of cluster-based correction methods in fMRI research, particularly when they are 
used in conjunction with voxel-level thresholds above 0.001. Our choice to use the voxel-
level threshold of 0.01 was primarily motivated by its prevalence in the neuroimaging 
literature of post-stroke aphasia, and because detection power is reduced for group 
analyses of highly heterogeneous groups such as stroke patients [e.g. Meinzer et al., 
2013]. In addition, we note that for the whole-brain regression analyses, we employed a 
more stringent whole-brain cluster-correction threshold of 0.01 (as opposed to the 
conventional 0.05 threshold), even when our analyses were restricted to only the right 
hemisphere. Thus, we have attempted to balance providing control over false positives 
while maintaining sufficient power to detect effects of interest. In addition, we provide 
voxel-wise FDR thresholded activation maps and cluster/peak statistics for each group in 
Supplementary Figure 4 to (1) demonstrate that similar activation patterns are detected at 
stringent voxel-wise correction thresholds, and (2) provide more precise anatomical 
information about peak activation locations for each group.  
 
Results 
 
Comparisons of overall CSN activation and task performance between 
patients and controls 
Patients performed more poorly on language tasks than controls (in-scanner SD % 
correct: t74.77=-4.71, p<0.001, corrected; BNT: t43.38=-6.80, p<0.001, corrected; fluency: 
t82.28=-13.44, p<0.001, corrected). Summary statistics are shown in Figure 2B. The 
semantic networks recruited by each group are shown in Figure 2C. Cluster peak co-
ordinates and statistics for regions activated by each group are provided in Table 2. 
Controls showed significantly higher levels of overall activation in the CSN than patients 
(t67.72 = 3.98, p<0.001, corrected). 
 
Region of interest behavioral correlations 
Total lesion volume showed negative relationships with each of the language 
measures (in-scanner SD correct: r=-0.22, p=0.19, corrected; fluency: r =-0.58, p<0.001, 
corrected; naming: r=-0.49, p=0.004, corrected), although the relationship was not 
significant for the in-scanner SD task. Lesion volume showed a trend-level but non-
significant negative relationship with mean activation in the CSN (r=-0.27, p=0.15, 
corrected). The partial correlation analyses revealed significant positive relationships 
between activity within the CSN and in-scanner performance on the SD task (partial 
r=0.47, p=0.008, corrected), out-of-scanner performance on the fluency measure (partial 
r=0.62, p<0.001, corrected), and out-of-scanner performance on the naming measure 
(partial r=0.49, p=0.005, corrected) that were linearly independent of the effects of total 
lesion volume (Figure 2D). Relationships between CSN activation and in-scanner 
performance on the SD task (r=0.51, p=0.005, corrected), out-of-scanner performance on 
the fluency measure (r=0.65, p<0.001, corrected), and out-of-scanner performance on the 
naming measure (r=0.55, p=0.001, corrected) were stronger without lesion volume 
control. These results are shown in Figure 2D.  
Additional analyses assessed relationships between mean CSN activation 
magnitudes and behavioral measures in controls. Mean CSN activation magnitudes 
showed a significant positive relationship to performance on the in-scanner SD task 
(r=0.37, p=0.03, corrected), but did not show significant relationships with performance 
on the fluency (r=0.09, p=1.0, corrected) or naming (r=0.09, p=1.0, corrected) tasks 
(Figure 2D).  
 
Whole-brain behavioral correlations   
The results for the whole-brain multiple regressions for each language measure 
that included total lesion volume as a covariate are shown in Figure 3A. Cluster peak 
locations and statistics for each whole-brain regression are provided in Table 3. Figure 
3B shows regions that showed positive relationships between activation and performance 
on all three language measures, and Figure 3C shows regions that showed positive 
relationships between activation and any of the language measures relative to the 
locations of regions associated with the CSN identified in healthy controls. Whole-brain 
analyses repeated without including lesion volume as a covariate showed very similar 
results (Supplemental Tables 7-9).  
 
Correlations between left and right hemispheric activation magnitudes 
Partial correlation analyses (controlling for lesion volume) for the patient group 
revealed a strong positive relationship between activation magnitudes in the left CSN and 
activation magnitudes in the right CSN (partial r=0.83, p<0.001, corrected). Nearly 
identical results were obtained without lesion volume control (r=0.83, p<0.001, 
corrected). A strong positive relationship was also observed between activation 
magnitudes in the left CSN and activation magnitudes in the mirrored left CSN in the 
right hemisphere with (partial r=0.81, p<0.001, corrected) and without (r=0.80, p<0.001, 
corrected) lesion volume control. However, correlations were much weaker between 
activation magnitudes in the left CSN and activation magnitudes in out-of-network 
homologues of the left hemispheric CSN in the right hemisphere with (partial r= 0.66, 
p<0.001, corrected) and without (r=0.65, p<0.001, corrected) lesion volume control. Left 
and right hemispheric ROIs are shown in Figure 4A. Scatterplots illustrating the 
relationships between residual left and right hemispheric activation magnitudes (i.e. after 
partialling out lesion volume) are shown in Figure 4B (top row).  
Correlation analyses for the control group also revealed a strong positive 
relationship between activation magnitudes in the left CSN and activation magnitudes in 
the right CSN (r=0.75, p<0.001, corrected). A weaker relationship was observed between 
activation magnitudes in the left CSN and activation magnitudes in the mirrored left CSN 
in the right hemisphere (r=0.43, p=0.008, corrected). No significant relationship was 
observed between activation magnitudes in the left CSN and activation magnitudes in 
out-of-network homologues of the left CSN in the right hemisphere (r=-0.04, p=0.79, 
corrected). Scatterplots illustrating these relationships are shown in Figure 4B.  
The strengths of correlations between left CSN and right CSN activation 
magnitudes did not significantly differ between patients and controls (z=0.52, p=0.6, 
corrected), but the strengths of correlations between activation magnitudes in the left 
CSN and mirrored left CSN in the right hemisphere (z=2.98, p=0.006, corrected) and 
between activation magnitudes in the left CSN and out-of-network homologues of the left 
CSN in the right hemisphere (z=3.72, p<0.001, corrected) were significantly stronger in 
patients than in controls.  
 
Comparisons of left and right hemispheric activation magnitudes  
Activation magnitudes for each group are shown in Figure 4C. Neither patients 
(t42=0.96, p=0.34, corrected) nor controls (t42=1.72, p=0.19, corrected) showed significant 
differences in activation magnitudes between the left CSN and right CSN. Both patients 
(t42=3.89, p=0.001, corrected) and controls (t42=9.22, p<0.001, corrected) showed 
significantly larger activation magnitudes in the left CSN compared to the mirrored left 
CSN in the right hemisphere. Both patients (t42=5.42, p<0.001, corrected) and controls 
(t42=12.92, p<0.001, corrected) also showed significantly larger activation magnitudes in 
the right CSN compared out-of-network homologues of the left CSN in the right 
hemisphere. 
 Patients had significantly lower activation magnitudes in both the left (t66.37=-
3.60, p<0.001, corrected) and right (t74.28=-4.23, p<0.001, corrected) CSN than controls. 
Patients also had significantly lower activation magnitudes in the mirrored left CSN in 
the right hemisphere (t67.17=-2.92, p=0.01, corrected). Patient and control activation 
magnitudes in out-of-network homologues of the left CSN in the right hemisphere did not 
significantly differ (t60.15=0.47, p=1.0, corrected).  
The difference between activation in the left CSN and the right CSN was not 
significantly larger in controls than in patients (t81.89=0.38, p=1.0, corrected). Controls 
showed a significantly larger difference in activation between the left hemispheric CSN 
and the mirrored left CSN in the right hemisphere (t83.82=3.99, p<0.001, corrected). 
Controls also showed a significantly larger difference between activation magnitudes in 
the right CSN and out-of-network homologues of the left CSN in the right hemisphere 
(t82.15=6.26, p<0.001, corrected).  
 
Lesion volume effects on activation magnitudes  
Activation magnitudes in both the left CSN (r=-0.24, p=0.35, corrected) and right 
CSN (r=-0.31, p=0.18, corrected) showed non-significant negative relationships to lesion 
volume. A weaker negative relationship was observed between lesion volume and 
activation magnitudes in the mirrored left CSN in the right hemisphere (r=-0.12, p=0.90, 
corrected). Lesion volume effects showed a near-zero correlation with activation 
magnitudes in out-of-network homologues of the left CSN in the right hemisphere (r=-
0.01, p=0.97, corrected). These results are shown in Figure 4D.  
 The results from the whole-brain regression analysis assessing the effects of 
lesion volume on activation in the right hemisphere are shown in Figure 5A. Cluster 
statistics and peak locations are displayed in Table 4. All of the regions showing positive 
relationships with lesion volume fell outside of the canonical semantic network in right 
frontal cortex (Figure 5B). Notably, with the exception of the right middle frontal gyrus 
(MFG), these regions did not correspond to out-of-network homologues of the left CSN. 
In contrast, several of the regions showing negative relationships between activation and 
lesion volume overlapped with the CSN (Figure 5B).  
 To assess whether there was a benefit of activating out-of-network right-
hemisphere regions that depended on the extent of left hemispheric damage, we 
performed additional post-hoc regression analyses to assess whether the lesion size might 
moderate the effect of activity in each right hemispheric cluster showing positive 
correlations to total lesion volume (hot clusters in Figure 5A). This revealed significant 
interactions between lesion volume and right SMA activation for the fluency (t39=2.97, 
FDRp = 0.04) and naming (t39=2.82, FDRp = 0.04) measures (Figure 5C), and between 
lesion volume and right IFG pars opercularis activation for the fluency (t39=2.50, FDRp = 
0.07) measure. For each of the observed interaction effects, higher levels of activation in 
the right hemispheric cluster was associated with lower language test scores for patients 
with smaller lesions, but with higher language test scores for patients with larger lesions 
(Figure 5C). Note that the high and low values shown in Figure 5C are calculated for +1 
and -1 standard deviations from the mean of each variable.  
 
Discussion  
Functional neuroimaging studies of post-stroke aphasia are foundational to 
theories of language recovery after stroke, but this theoretical foundation is primarily 
composed of small studies. To address this shortcoming and assess the validity of 
predictions based on current theories of recovery, we tested what we consider to be their 
primary prediction – that successful long-term language recovery depends on the 
preservation and/or restoration of language processing in canonical language networks. 
Importantly, we tested this prediction in one of the largest samples of post-stroke aphasia 
patients studied to date in the functional neuroimaging literature, and utilized statistical 
controls to reduce the potential for confounding effects related to lesion volume on 
imaging-behavior relationships. We also attempted to bring clarity to contested issues in 
the literature – how language task-driven activity in the unaffected right hemisphere 
relates to left hemispheric damage and function, and whether the recruitment of right 
hemispheric regions by patients with extensive left hemispheric damage supports residual 
language function. We discuss our results and their relation to the broader literature in the 
following sections.  
 
Canonical language network contributions to post-stroke language function 
Drawing from the broader functional neuroimaging literature of language 
recovery after stroke, we expected that activation of the CSN for language processing 
would positively predict language functions in chronic patients. The results of both our 
ROI-based and whole-brain analyses matched this expectation, and indicate that 
activation of the CSN is a moderate-to-strong predictor of language function in chronic 
patients (Figures 2 and 3). While activation magnitudes in this network only predicted 
performance on the in-scanner task for controls, they predicted performance on all three 
language measures for patients (Figure 2D). Further, our whole-brain analyses of the 
patient data revealed that the positive relationships between regional task-driven 
activation magnitudes and language task performance were primarily localized within or 
adjacent to the CSN identified in controls (Figure 3). Thus, our results corroborate the 
general implications of previous functional neuroimaging studies of language outcomes 
in patients with LMCA stroke [Fridriksson et al., 2010; Fridriksson et al., 2012; Heiss et 
al., 1999; Karbe et al., 1998; van Oers et al., 2010; Rosen et al., 2000; Saur et al., 2006; 
Szaflarski et al., 2013]. Importantly, this result supports the emphasis of current theory on 
the preservation and/or restoration of function in canonical language networks as a key 
factor that enables successful long-term language recovery after stroke.  
Notably, our results indicate that despite the fact that the auditory semantic 
decision task lacks an expressive language component, the level of CSN activation 
evoked was a good predictor of expressive language capacity in our patient sample 
(Figure 2D/Figure 3). As noted in the introduction, previous studies suggest that 
relationships between activation evoked by auditory (i.e. receptive) language tasks and 
language function in chronic stroke patients may not be specific to receptive language 
functions [e.g. Saur et al., 2006; Szaflarski et al., 2013]. Our results suggest that 
activation in the CSN evoked by auditory semantic decisions may provide an index of 
general language network preservation/recovery.  
This interpretation is consistent with evidence that the abrupt and catastrophic 
disruption of neural function by stroke leads to widespread disruptions of communication 
and regulation in distributed brain networks [Baldassarre et al., 2016; Geranmayeh et al., 
2016; He et al., 2007; Ovadia-Caro et al., 2013; Siegel et al., 2016], and that the 
preservation/restoration of typical function in canonical language networks is indicative 
of successful language recovery [Heiss et al., 1999; Saur et al., 2006]. Indeed, post-stroke 
deficits in complex cognitive functions [Siegel et al., 2016] that include language 
[Geranmayeh et al., 2016] and attention [Baldassarre et al., 2016; He et al., 2007] may be 
conceptualized as behavioral manifestations of dysfunction in large-scale functional brain 
networks. Along these lines, optimal functional recovery after stroke may depend on the 
preservation/restoration of functional dynamics that most strongly resembles those 
observed in the pre-stroke brain [Carter et al., 2012].  
Thus, the magnitude of task-evoked responses in the distributed CSN may index 
the degree to which pre-stroke functional dynamics are preserved/restored in patients 
with chronic post-stroke aphasia. While discussions of how distributed networks 
contribute to recovery from stroke often focus on measures of intrinsic (i.e. resting state) 
network function [e.g. Carter et al., 2012], there is substantial evidence that task-evoked 
brain networks are strongly influenced by the intrinsic network architecture [Binder et al., 
1999; Binder, 2012; Cole et al., 2014; Dosenbach et al., 2006; Dosenbach et al., 2007; 
Fox et al., 2005; Fox et al., 2006; Muhle-Karbe et al., 2015; Xu et al., 2016], and thus it is 
possible that the presence of strong activation in the CSN during auditory semantic 
decisions may be indicative of well-preserved and/or successfully restored intrinsic 
network dynamics. We must emphasize, however, that this explanation is tentative and 
must be confirmed by future studies that are capable of relating task-evoked responses in 
canonical language networks to intrinsic network dynamics in patients with chronic post-
stroke aphasia.   
 
Co-activation of left and right hemispheric networks and right hemispheric 
effects of lesion volume 
Based on current models of language recovery after stroke [Hamilton et al., 2011; 
Heiss and Thiel, 2006; Saur et al., 2006; Saur and Hartwigsen, 2012], we expected that 
patients with lower levels of activation in the left CSN would show higher levels of 
activation in the right CSN. Assuming that this would reflect compensatory up-regulation 
of the right CSN following extensive left hemispheric damage, we also expected that 
activation in the right CSN would be increased in patients with larger left hemispheric 
lesion volumes. However, our results did not bear out this prediction. Rather, we found 
that for both patients and controls, activation magnitudes in the right CSN were strongly 
positively correlated with activation magnitudes in the left CSN (Figure 4B). Further, in 
patients, activation magnitudes in both the left and right CSNs showed negative but non-
significant correlations with lesion volume (Figure 4C). This suggests that the right CSN 
and left CSN form a coherent functional unit that is activated by semantic processing. 
Indeed, a basic role of certain right hemispheric regions in language processing is 
suggested by findings that right hemispheric activation during semantic decision 
[Donnelly et al., 2011], semantic comprehension [van Ettinger-Veenstra et al., 2010], 
sentence completion [van Ettinger-Veenstra et al., 2012], and word fluency tasks [van 
Ettinger-Veenstra et al., 2012] correlates with various measures of language function in 
healthy individuals.  
 Notably, a recent ALE meta-analysis of 12 functional neuroimaging studies of 
aphasic patients (total n=105) and healthy controls (total n=129) suggests that specific 
regions in both hemispheres are consistently recruited by aphasic patients across different 
language task paradigms [Turkeltaub et al., 2011]. Turkeltaub and colleagues [2011] thus 
proposed that activity in most right hemispheric regions, with the notable exception of the 
IFG pars triangularis, likely reflects either compensatory recruitment or co-activation 
with homotopic areas in the left hemisphere. Our finding that activation magnitudes in 
the left and right CSN were strongly correlated suggests that at least with regard to the 
CSN, activity in right hemispheric portions of canonical networks likely reflects co-
activation rather than compensation for left hemispheric damage. The finding that neither 
patients nor controls showed significant differences between the left and right CSN 
supports this conclusion. 
 However, we also found that both patients and controls showed significantly 
higher activation in the left CSN than in homologous areas in the right hemisphere, and 
this effect was most pronounced for homologous areas that were not associated with the 
right CSN (Figure 5C). Further, both patients and controls showed significantly higher 
levels of activity in the right CSN compared to these out-of-network left CSN 
homologues (Figure 5C). This suggests that co-activations are spatially constrained to the 
subset of right hemispheric regions that typically activate as part of the CSN. While the 
correlation between activation magnitudes in the left CSN and out-of-network right 
hemispheric homologues was substantially weaker than the correlation between 
activation magnitudes in the left CSN and right CSN in patients (Figure 5B), controls 
showed essentially no relationship between activation magnitudes in the left CSN and 
out-of-network right hemispheric homologues (Figure 5B). This suggests that inter-
hemispheric co-activations may be less spatially constrained in stroke patients than in 
healthy controls. Speculatively, this may reflect weakened inter-hemispheric inhibition, 
as this has been proposed as a potential source of increased activations in right 
hemispheric homologues of left hemispheric language areas in patients with post-stroke 
aphasia [Hamilton et al., 2011; Heiss and Thiel, 2006].  
Nonetheless, our data support a functional distinction between right hemispheric 
regions that show robust co-activation with distributed language networks and out-of-
network right hemispheric homologues of left hemispheric language areas, although 
conclusions regarding the source of this distinction cannot be drawn from this study. 
Future studies using task-based (i.e. effective) connectivity metrics to assess how 
activation in these regions relate to interactions between left and right hemispheric 
networks are necessary to address such questions.  
 
Right hemispheric compensation in patients with extensive left hemispheric 
damage  
Recent evidence from structural MRI studies also suggests a compensatory role of 
certain right hemispheric regions in supporting language function in chronic patients. For 
example, grey matter volume in right dorsal stream temporo-parietal areas is increased in 
chronic post-stroke aphasia patients relative to both healthy controls and chronic left 
hemispheric stroke patients without aphasia [Xing et al., 2015]. Importantly, higher grey 
matter volume in these regions is associated with better residual language functions in 
chronic post-stroke aphasia patients [Xing et al., 2015]. Similarly, increased fractional 
anisotropy (FA) has been observed in the right IFG pars opercularis for chronic post-
stroke aphasia patients relative to healthy controls, and higher FA in this region is 
associated with better speech production abilities for patients [Pani et al., 2016]. Our 
findings add to this literature by showing that functional activation in specific right 
frontal regions during language task performance is associated with better expressive 
language abilities in chronic post-stroke aphasia patients with extensive left hemispheric 
damage.  
Notably, larger lesions were associated with higher levels of activity in several 
right frontal areas, including the right inferior frontal gyrus pars opercularis and 
supplementary motor area, both of which were not part of the CSN (Figure 5A/B). 
Activation magnitudes in the right IFG pars opercularis and right SMA showed 
relationships to out-of-scanner language measures that differed in direction between 
patients with larger vs. smaller lesions (Figure 5C). One explanation as to why stronger 
activations of these regions were associated with poorer performance for patients with 
smaller lesions is that activity in these regions interferes with the functions of task-
relevant areas when canonical regions are intact, but supports residual language function 
when canonical regions are damaged. Alternately, stronger activations of these regions 
for patients with smaller lesions may be reflective of focal damage to critical left 
hemispheric areas that impede the restoration of canonical network function during 
recovery, and result in chronic language deficits comparable to those observed in patients 
with more widespread left hemispheric damage. Based on evidence that both the right 
IFG and right SMA support language processing during early recovery, but show reduced 
involvement in later stages when canonical networks are recovered [Saur et al., 2006], we 
consider this to be most likely. If this is the case, the identification of such critical regions 
by future studies could provide important insights into the factors contributing to poor 
long-term language recovery after stroke.  
Along these lines, we note that previous studies suggest that activation in the right 
IFG pars opercularis is increased in patients with lesions affecting the left IFG [Blank et 
al., 2003; Turkeltaub et al., 2011]. In addition, maintained right frontal activation has 
been previously reported in patients with left posterior temporal lesions that recovered 
less successfully than patients with lesions affecting the left frontal cortices or the left 
basal ganglia [Heiss et al., 1999]. Given that (1) our results indicate that larger lesions 
correlated with larger activation magnitudes in right frontal cortices, and (2) activation 
magnitudes in right IFG/SMA were associated with better expressive language functions 
in patients with larger lesions, we speculate that the observed benefit of activating the 
right IFG/right SMA in patients with larger lesions may reflect beneficial compensation 
that supports expressive language functions (e.g. top-down selection and sequencing). 
Based on the findings of Heiss and colleagues [1999], we further speculate that patients 
with lesions affecting left posterior temporal regions may also recruit these regions, but 
that these patients may show reduced benefit from their involvement, presumably 
resulting from an inability to restore function in other distributed portions of canonical 
networks. We stress that this must be regarded as speculative, as the current study did not 
directly investigate relationships between lesion location and right hemispheric 
activation. Rather, the methods used in this study were primarily intended to address the 
question of how lesion extent relates to right hemispheric activation. Because the 
methodology of this study was not ideal for addressing questions about how lesion 
location relates to regional activation, future studies using methodology better suited to 
addressing this question are necessary before strong conclusions can be drawn about how 
the site of damage relates to right hemispheric activations.   
 
A common network supporting comprehension, naming, and fluency   
Activity in a subset of regions (shown in Figure 3B) correlated positively with 
performance on all of the language measures, suggesting that this set of regions may 
support processes critical for language processing after stroke. This set of regions 
included the left dorsal dSFG, the left AG/superior lateral occipital gyrus, bilateral 
precuneus and PCC, bilateral PHG and fusiform gyri, and the right temporal pole. These 
regions are commonly associated with the default mode network [Dosenbach et al., 2007; 
Fox et al., 2005; Raichle et al., 2001; Raichle and Snyder, 2007; Vincent et al., 2008]. 
Based on observations that this network is more active during both semantic processing 
tasks and task-free resting states relative to tasks that do not involve semantic processing 
(and generally more active during semantic processing than during rest), this network has 
been proposed to form a core “conceptual network” that is involved in both explicit 
semantic processing and ongoing manipulations of memory/conceptual representations in 
the absence of explicit tasks [Binder et al., 1999; Binder et al., 2009; Leech and Sharp, 
2014]. Notably, the PCC, precuneus, and AG are functionally connected to the PHG and 
co-activate with parahippocampal areas during memory retrieval [Sestieri et al., 2011]. 
The AG [Uddin et al., 2010] and PCC [Greicius et al., 2009] also possess direct structural 
connections to medial temporal lobe structures such as the hippocampus that play a 
critical role in memory. Speculatively, since each of the language measures utilized in 
this study involved a memory component (e.g. recalling facts about animals for the in-
scanner semantic decision task, recalling words that begin with a given letter or fit a 
given category for the COWAT/SFT, and recalling names of visual objects for the BNT), 
it is possible that activity in these regions reflects their role in supporting memory access 
and manipulation. In addition, recent intrinsic functional connectivity evidence suggests 
that regions such as the left dSFG and left AG may function as hubs that support ongoing 
interactions among canonical language modules (i.e. perisylvian language areas), 
executive control modules (i.e. fronto-parietal network), and memory/simulation modules 
(i.e. default-mode network) [Xu et al., 2016].  
Additionally, the right anterior temporal lobe has previously been reported to 
support auditory verbal comprehension in patients with damage to left posterior temporal 
areas, and may represent an independent module capable of auditory language processing 
when left posterior temporal structures are compromised [Crinion and Price, 2005]. 
When connectivity between left and right anterior temporal areas is preserved, left frontal 
access to inputs processed by the right anterior temporal lobe may provide a 
compensatory mechanism for achieving top-down modulations (e.g. selection or 
integration) of semantic content via inter-hemispheric pathways [Warren et al., 2009].  
In addition, medial posterior default mode regions frequently interact with elements of 
other functional networks [de Pasquale et al., 2012] and possess diverse structural 
connections to language-relevant cortical (i.e. inferior parietal, superior temporal, anterior 
cingulate, and supplementary/pre-motor cortices) and subcortical (including the striatum 
and multiple thalamic nuclei) areas whose connections may be disrupted by LMCA 
stroke [Cavanna and Trimble, 2006; Greicius et al., 2009]. Thus, this set of regions could 
potentially act to relay information among surviving language areas when primary 
pathways are affected by stroke, providing a potential “back-up” interface among 
bilateral frontal, temporal, and parietal areas to support manipulations of memory 
representations and/or speech inputs when canonical cortico-cortical pathways (e.g. the 
arcuate fasciculus) are no longer viable. While plausible, and consistent with a proposed 
role of these regions as cross-network “connectors” [Xu et al., 2016], this should be 
regarded as speculation, as delineating the precise roles these regions play in supporting 
language processing after stroke is beyond the scope of this study.  
 
Lesion volume effects in functional neuroimaging of aphasia recovery 
Because we used statistical controls to account for lesion volume effects, our 
results are not likely to be driven by differences in lesion size or overall damage to the 
network among patients. Despite the potential for lesion volume differences to introduce 
bias, we note that our results were nearly identical (albeit with somewhat larger effects) 
when we did not use controls for lesion volume. This may reflect the relatively low 
correlation between lesion volume and canonical network activation in this sample. 
Nonetheless, while we contend that the use of statistical controls is important to reduce 
the potential for biases related to differences in lesion extent, it is possible that lesion 
volume is too coarse of a measure to accomplish this goal. An alternative approach may 
be to utilize more spatially sensitive measures, such as the percent of damage sustained 
by different anatomical areas [e.g. Xing et al., 2015]. Determining the optimal solution to 
account for lesion biases in functional neuroimaging studies of stroke patients may 
ultimately require dedicated studies using simulated data to understand the severity of 
biases likely to be introduced by varying levels of brain damage and to allow for an 
objective comparison of different approaches for mitigating such biases. 
 
Limitations 
 This study has several limitations that must be acknowledged. First, as with many 
functional imaging studies, it is not possible to definitively conclude that activation in 
any given region is necessary to perform the task. Further, even if this were possible, it 
would not be possible to conclude from these data which aspect of the task a hypothetical 
“task-critical” region might support. Thus, while our results are interpreted as indicating 
that canonical network regions likely support residual language abilities after left 
hemispheric stroke, and that specific out-of-network regions in the right hemisphere may 
compensate for extensive left hemispheric damage, conclusions about the nature of the 
contributions of these regions to task performance cannot be considered definitive. 
Second, while the current study suggests that extensive left hemispheric damage is 
associated with the recruitment of select right frontal regions to accomplish semantic 
processing, it cannot address important questions such as how damage to specific regions 
in the left hemisphere influences semantic processing or affects out-of-network responses 
in the right hemisphere; future research is necessary to address these questions. Third, 
altered vascular dynamics in chronic stroke patients have the potential to lead to changes 
in neurovascular coupling and influence the BOLD response, and this may lead to 
reductions in measured activation magnitudes for stroke patients relative to controls [e.g. 
D’Esposito et al., 2003; Veldsman et al., 2015]. It is necessary to consider the potential 
for such effects when interpreting the results of this and other studies using functional 
MRI to study clinical populations such as stroke patients. Fourth, this study was not 
intended to address the question of how lesion location relates to right hemispheric 
activation. We stress that strong conclusions regarding this relationship cannot be drawn 
from the results of this study. Finally, the current study does not allow for conclusions 
regarding the role of functional interactions among regions associated with the CSN, 
between left and right hemispheric portions of the CSN, or between the CSN and other 
networks in supporting language recovery after stroke, as it is limited to assessments of 
co-activation during task performance. Future studies using functional and/or effective 
connectivity measures are necessary to enable such conclusions. 
 
Conclusions 
 In conclusion, this study aimed to test current theories of language recovery after 
stroke and bring clarity to discrepancies in the literature. Our results confirm the 
prediction that fMRI activation in the canonical semantic network predicts performance 
on multiple measures of language function in chronic patients independently of lesion 
volume effects, and reveal a core set of default mode regions that likely play a key role in 
supporting basic aspects of residual language functions in the years after stroke. Our 
results also suggest that left and right hemispheric portions of the semantic network co-
activate to accomplish language processing after stroke, contrary to the notion that 
activity in right hemispheric homologues of the left hemispheric network is up-regulated 
to compensate for damage to the left hemispheric network. In contrast, our results suggest 
that patients with the most damage to the left hemispheric network recruit specific right 
hemispheric areas that have been previously shown to play a primary role in supporting 
early recovery. We suspect that these regions may support top-down selection or motor 
aspects of residual language function during the chronic stage in these patients. The 
findings described here emphasize the importance of canonical language networks for 
supporting long-term language recovery after stroke, clarify the contributions of in- and 
out- of network right hemispheric areas to language recovery and their relationships to 
left hemisphere damage, and provide a more stable foundation for future studies of 
language recovery after stroke.  
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Tables 
Table 1. Participant demographics  
Group N Age Sex Handedness Lesion volume (ml)  
Patients 43 53 (15) 25 M 0.85 (0.43) 105.24 (76.29)  
Controls 43 54( 14) 23 M  0.80 (0.41) N/A  
*Mean (SD) are shown for age/handedness; M-Male 
 
Table 2. Cluster and peak statistics for control and patient SD activations 
Group Peak Location Extent t-value x y z 
Controls L Superior Medial Gyrus 44277 14.3308 -4 46 36 
 R Posterior Cingulate 44277 10.8963 2 -34 32 
 L IFG (p. Orbitalis) 44277 10.6975 -36 30 -8 
 L Angular Gyrus 3981 11.8496 -40 -64 36 
 R Angular Gyrus 1051 8.1312 50 -60 32 
 R Mid Orbital Gyrus 125 3.3213 2 66 -12 
Patients R Cerebelum (VIII) 3519 5.1981 10 -76 -28 
 R Cerebelum (IX) 3519 4.1282 8 -54 -52 
 R Cerebelum (VII) 3519 3.8702 42 -66 -48 
 L Superior Medial Gyrus 7349 4.9037 -2 40 56 
 L IFG (p. Triangularis) 7349 4.7172 -48 28 8 
 R Superior Frontal Gyrus 7349 4.0744 16 54 30 
 L Middle Temporal Gyrus 253 4.409 -52 -8 -18 
 L Middle Temporal Gyrus 1085 4.4082 -44 -64 28 
 R Angular Gyrus 254 4.0334 54 -68 32 
 Posterior Cingulate 217 3.9907 0 -32 30 
 L Inferior Temporal Gyrus 585 3.9528 -60 -32 -12 
 R Fusiform Gyrus 111 3.7833 40 -24 -28 
 R Posterior Cingulate 265 2.9714 4 -46 14 
*Note: Cluster peaks are provided for the top 3 peaks/cluster that are separated by 
a minimum distance of 30mm.  
 
Table 3. Cluster and peak statistics for correlations between patient SD activation 
and language task performance while controlling for lesion volume. 
Sign Peak Location Extent t-value x y z 
Semantic Decisions 
Positive L Angular Gyrus 1913 4.9167 -42 -68 48 
 L Middle Temporal Gyrus 1913 2.5892 -50 -46 8 
 Cerebellar Vermis (VII) 5291 4.8921 -2 -78 -18 
 Posterior Cingulate Gyrus 5291 4.4726 0 -32 32 
 L Calcarine Gyrus 5291 4.3329 4 -94 12 
 Dorsal Anterior Pons 544 4.6492 0 -12 -28 
 L Middle Orbital Gyrus 961 4.5543 -42 54 0 
 L Middle Temporal Gyrus 785 4.4425 -68 -32 -2 
 L Inferior Temporal Gyrus 671 4.3857 -32 -6 -38 
 R Angular Gyrus 547 4.2227 54 -58 40 
 L Parahippocampal Gyrus 457 4.0258 -22 -28 -18 
 R Parahippocampal Gyrus 275 3.9305 20 -32 -20 
 L Superior Frontal Gyrus 175 3.745 -20 56 32 
 R IFG (p. Orbitalis) 160 3.7179 50 38 -18 
 R Precuneus 211 3.6912 4 -62 66 
 R Rectal Gyrus 135 3.6875 2 24 -30 
 R Inferior Temporal Gyrus 153 3.6576 56 -12 -30 
 R Temporal Pole 421 3.6249 36 14 -24 
Negative L Postcentral Gyrus 258 -3.4808 -60 -10 30 
Fluency 
Positive R Superior Medial Gyrus 7588 6.0189 2 50 38 
 L Middle Frontal Gyrus 7588 5.8247 -34 18 52 
 L Posterior-Medial Frontal 7588 5.1085 -4 20 66 
 L Brainstem (Inf. Colliculus?) 6302 5.2447 -2 -30 -20 
 L Fusiform Gyrus 6302 4.9057 -34 -18 -30 
 R Cerebelum (IX) 6302 4.8778 8 -56 -38 
 L Angular Gyrus 1227 5.2081 -48 -62 32 
 L Posterior Cingulate 4805 4.6649 -2 -46 18 
 R Cerebelum (VI) 4805 4.0471 28 -80 -14 
 L Calcarine Gyrus 4805 3.6055 0 -92 6 
 R Fusiform Gyrus 232 4.616 34 -18 -34 
 R Medial Temporal Pole 1532 4.5911 46 6 -36 
 R Middle Temporal Gyrus 1532 3.7147 68 -16 -20 
 R Parahippocampal Gyrus 1532 3.685 16 -2 -30 
 L IFG (p. Orbitalis) 587 4.0197 -40 24 -12 
Negative R Middle Temporal Gyrus 155 -3.3541 48 -48 2 
Naming 
Positive R Superior Medial Gyrus 5204 5.5202 2 54 46 
 L Middle Frontal Gyrus 5204 4.494 -34 16 52 
 R Posterior-Medial Frontal 5204 3.4022 6 14 74 
 L Angular Gyrus 1889 4.2896 -46 -60 30 
 R Inferior Temporal Gyrus 268 4.207 48 2 -34 
 L Fusiform Gyrus 474 3.9476 -40 -34 -14 
 R IFG (p. Orbitalis) 354 3.921 44 24 -14 
 R Fusiform Gyrus 265 3.9092 16 -8 -42 
 R Superior Orbital Gyrus 265 2.6356 16 14 -18 
 R Cerebelum (IX) 762 3.8878 14 -46 -38 
 R Precuneus 2516 3.8798 2 -66 64 
 Posterior Cingulate  2516 3.5849 0 -36 32 
 L Superior Parietal Lobule  2516 2.4993 -28 -56 66 
 L IFG (p. Orbitalis) 202 3.8209 -42 26 -16 
 L Fusiform Gyrus 139 3.6031 -18 6 -38 
Note: Cluster peaks are provided for the top 3 peaks/cluster that are separated by 
a minimum distance of 30mm  
 
Table 4. Cluster and peak statistics for right hemispheric correlations between SD 
activation and lesion volume.  
Sign Peak Location Extent t-value x y z 
Positive R IFG (p. Opercularis) 277 3.9446 56 12 8 
 R Posterior-Medial Frontal 200 3.0469 8 6 56 
 R Middle Frontal Gyrus 143 3.0383 34 40 20 
 R Precentral Gyrus 221 2.9707 54 -2 40 
Negative R Inferior Temporal Gyrus 399 -4.1944 56 -14 -34 
 R Mid Orbital Gyrus 223 -3.9815 2 46 4 
 R Cerebelum (Crus I) 1137 -3.8737 56 -62 -32 
 R Cerebelum (IX) 1137 -3.3749 14 -56 -48 
 R Cerebelum (Crus I) 1137 -3.1767 34 -82 -24 
 R Anterior Thalamus/Putamen 160 -3.7215 10 -2 -6 
Note: Cluster peaks are provided for the top 3 peaks/cluster that are separated by 
a minimum distance of 30mm 
 
Figures  
 
Figure 1. Sample sizes in the functional neuroimaging literature of post-stroke 
aphasia. Histogram illustrating frequencies of different sample sizes across 84 functional 
neuroimaging studies of aphasia published since 1995. Bins correspond to single integer 
values. The average sample size was 10.33, with a standard deviation of 8.44. The single 
largest sample was 53 patients. 67 (81%) of studies had samples sizes less than or equal 
to 15 patients, and 73 (87%) of studies had sample sizes less than or equal to 20 patients. 
Individual study sample sizes and neuroimaging modalities are provided in 
Supplementary Table 1, and the full reference list is also provided in Supplementary 
Material 1.  
 
 
 
 
 
 
Figure 2. Data characterization and partial behavioral correlation results. A. Lesion 
frequencies across all 43 patients. Minimum colorbar values indicate voxels lesioned in 
only 1 patient, and maximum colorbar values indicate voxels lesioned in 32 patients 
(maximum lesion overlap). B. Means and standard errors for stroke patients and healthy 
controls are shown for each language measure. C. Areas showing significantly more 
activity during the SD condition relative to the control condition in the healthy controls 
(left) and areas showing significantly more activity during the SD condition relative to 
the TD condition in the stroke patients (right). Both maps are intensity thresholded at 
p<0.01, uncorrected and cluster-corrected at p<0.05 (99 voxels). Colorbar values indicate 
t-statistics. Note that the canonical semantic network (CSN) region of interest (ROI) was 
defined based on the results shown in (C, left). D. Scatterplots illustrate the partial 
correlations between the residuals for activation in the CSN ROI and the residuals for 
performance on each language measure (y-axes) after removing the effects of lesion 
volume for the patient group (top). Scatterplots illustrate correlations between activation 
in the CSN ROI and performance on each language measure for the control group 
(bottom). The line of best fit (red) and 95% confidence intervals (red dashes) are shown 
on each plot. Each relationship shown was significant at p<0.05, family-wise error 
corrected. Note: All brain renderings are in neurological convention. 
 
 
 
 
Figure 3. Whole-brain performance regression results. A. Positive correlations (hot 
colors) and negative correlations (cold colors) identified for the patient group between 
task-driven activation and performance on the SD task (top) combined fluency measure 
(middle) and Boston Naming Test (bottom). B. The subset of regions showing positive 
correlations between SD activation and performance on all language measures in the 
patient group are shown in red. C. The canonical network identified in controls is shown 
in green, regions within the CSN identified in healthy controls where SD activation was 
positively related to performance on any language measure in patients are shown in red, 
and regions outside of the CSN where SD activation was positively related to 
performance on any language measure in patients are shown in blue. Note that the 
overlays shown in (C) are qualitative illustrations of how the quantitatively identified 
behavioral relationships in patients relate to the canonical network identified in controls, 
and are intended to illustrate how activity supporting residual language task performance 
relates to the CSN. Each map is intensity thresholded at p<0.01, uncorrected and cluster-
corrected at p<0.01 (126 voxels). Colorbar values indicate t-statistics. All brain 
renderings are in neurological convention. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Relationships between left and right hemispheric activation. A. Brain 
renderings show the ROIs corresponding to the left hemispheric CSN (LH CSN), right 
hemispheric CSN (RH CSN), mirrored left hemispheric CSN (Mirror LH CSN), and out-
of-network left hemispheric homologues (OON-LH-Hom). B. Scatterplots illustrating the 
relationship between residual (with the effects of lesion volume partialled out) SD-driven 
activity in the LH CSN ROI (y-axes) and each right hemispheric ROI (x-axes) are shown 
for the stroke group (top). Scatterplots illustrating the relationship between SD-driven 
activity in the LH CSN ROI (y-axes) and each right hemispheric ROI (x-axes) are also 
shown for the control group (bottom). C. Line plots illustrate relative activation 
magnitudes in the LH CSN ROI and each right hemispheric ROI for the stroke (left, red) 
and control (middle, blue) groups. Means and standard errors of activation magnitudes at 
each ROI are also shown for both groups (right). D. Scatterplots illustrate the 
relationships between left hemispheric lesion volume and activity in each ROI.  
 
 
Figure 5. Lesion effects on regional activation in the right hemisphere. A. Positive 
correlations (hot colors) and negative correlations (cold colors) between task-driven 
activation and lesion volume in right hemispheric areas are shown (top). B. Areas of 
overlap (red) and no overlap (blue) between regions where increased activation is 
associated with larger left hemispheric lesion volumes and the right hemispheric CSN 
ROI are shown on the top row. Areas of overlap (red) and no overlap (blue) between 
regions where decreased activation is associated with larger left hemispheric lesion 
volumes and the right hemispheric CSN ROI are shown on the middle row. Areas of 
overlap (red) and no overlap (blue) between regions where increased activation is 
associated with larger left hemispheric lesion volumes and the out-of-network left 
hemispheric homologues (OON-LH-Hom -- green) ROI are shown on the bottom row.  
Note that the overlays shown in (B) are qualitative illustrations of the quantitatively 
identified lesion volume effects on right hemispheric activations, and illustrate how right 
hemispheric activations associated with lesion volume effects relate to the RH CSN ROI 
(top, middle) and to the OON-LH-Hom ROI (bottom). C. Interaction plots are shown for 
the moderating effects of lesion volume on the relationship between right inferior frontal 
gyrus (IFG) activation and fluency scores (left), right supplementary motor area (SMA) 
activation and fluency scores (middle), and right SMA activation and naming scores 
(right). Each of these relationships survived a False Discovery Rate threshold of 0.1. 
High and low values shown in the interaction plots correspond to +1 and -1 standard 
deviations from the mean of each variable. All maps are intensity thresholded at p<0.01, 
uncorrected and cluster-corrected at p<0.01 (126 voxels). Colorbar values indicate t-
statistics. Note: all brain renderings are in neurological convention. 
 
 
 
 
 
 
 
 
 
 
 
 
Supplementary Material 
Supplementary Analysis 1. Sample sizes from literature search 
 
Supplementary Table 1. Aphasia patient sample sizes in 84 functional neuroimaging 
studies of aphasia between 1995 and 2016. 
Study N Modality Study N Modality 
Weiller et al., 1995 6 PET Abutalebi et al., 2009 1 fMRI 
Belin et al., 1996 7 PET Breier et al., 2009 23 MEG 
Cappa et al., 1997  8 PET Fridriksson et al., 2009 11 fMRI 
Heiss et al., 1997 6 PET Martin et al., 2009 2 fMRI 
Thomas et al., 1997 11 EEG Specht et al., 2009 12 PET 
Sakatani et al., 1998 10 NIRS Warren et al., 2009 24 PET 
Karbe et al., 1998  7 PET Fridriksson et al., 2010a 15 fMRI 
Heiss et al., 1999 23 PET Fridriksson et al., 2010b 26 fMRI 
Miura et al., 1999 1 fMRI Postman-Caucheteux et al., 
2010 
3 fMRI 
Musso et al., 1999 4 PET Rochon et al., 2010 4 fMRI 
Warburton et al., 1999 6 PET Saur et al., 2010 21 fMRI 
Rosen et al., 2000 6 PET+fMRI Sharp et al., 2010 9 PET 
Blasi et al., 2002 8 fMRI Thompson et al., 2010a 5 fMRI 
Leger et al., 2002  1 fMRI Thompson et al., 2010b 6 fMRI 
Blank et al., 2003 14 PET Van Oers et al., 2010 13 fMRI 
Cardebat et al., 2003 8 PET Papoutsi et al., 2011 14 fMRI 
Perani et al., 2003 5 fMRI Szaflarski et al., 2011a 4 fMRI 
Fernandez et al., 2004 1 fMRI Szaflarski et al., 2011b 8 fMRI 
Kurland et al., 2004 2 fMRI Tyler et al., 2011 14 fMRI 
Naeser et al., 2004 4 fMRI Weiduschat et al., 2011 10 PET 
Peck et al., 2004 3 fMRI Allendorfer et al., 2012 16 fMRI 
Zahn et al., 2004 7 fMRI Fridriksson et al., 2012 30 fMRI 
Crinion et al., 2005 17 fMRI Meltzer et al., 2013 25 MEG 
Crosson et al., 2005 2 fMRI Szaflarski et al., 2013 27 fMRI 
De Boissezon et al., 
2005 
7 PET Thompson et al., 2013  8 fMRI 
Martin et al., 2005 5 fMRI Thiel et al., 2013 24 PET 
Pulvermuller et al., 
2005 
9 EEG Abel et al., 2014 14 fMRI 
Winhuisen et al., 2005 11 PET Brownsett et al., 2014 16 fMRI 
Meinzer et al., 2006 1 fMRI Jarso et al., 2014 4 fMRI 
Connor et al., 2006 8 fMRI Mattioli et al., 2014 12 fMRI 
Crinion et al., 2006 22 PET Mohr et al., 2014 6 fMRI 
Fridriksson et al., 2006 3 fMRI Robson et al., 2014 12 fMRI 
Saur et al., 2006 14 fMRI Seghier et al., 2014 1 fMRI 
Bonakdarpour et al., 
2007 
5 fMRI Van Hees et al., 2014 8 fMRI 
Fridriksson et al., 2007 3 fMRI Zhu et al., 2014 13 fMRI 
Meinzer et al., 2007 1 fMRI Abel et al., 2015 14 fMRI 
Winhuisen et al., 2007 9 PET Bonakdarpour et al., 2015 5 fMRI 
Vitali et al., 2007 2 fMRI Kiran et al., 2015 8 fMRI 
Eaton et al., 2008 4 fMRI Spironelli et al., 2015 17 EEG 
Meinzer et al., 2008 11 fMRI Griffis et al., 2016 8 fMRI 
Raboyeau et al., 2008 10 PET Sims et al., 2016 14 fMRI 
Richter et al., 2008 16 fMRI Geranmayeh et al., 2016 53 fMRI 
 
*References for supplementary Table 1 are at the end of the supplemental material. 
 
Supplementary Analysis 2. Additional characterization of patient data  
 
 
Supplementary Figure 1. Behavioral measures. A. Plots of ordered scores for semantic 
decisions (left), averaged fluency (middle), and picture naming (right). Scores are shown 
separately for stroke patients (top, red) and controls (bottom, blue). B. Plots of 
relationships between patient scores on (1) naming and semantic decisions (left), (2) 
fluency and semantic decisions (middle), and (3) fluency and naming (right). For each 
plot, patient scores are shown as z-scores based on the control data.    
 
Supplementary Table 2. Patient characteristics 
Patient Age Sex EHI TSS BNT COWAT SFT Average Fluency %SD Correct 
1 63 F 0.55 1.0 59 27 47 37 68 
2 78 F 1.00 4.1 57 21 39 30 50 
3 41 F 0.50 5.8 9 4 9 6.5 38 
4 54 M 1.00 1.6 7 5 6 5.5 66 
5 46 M 0.90 1.0 53 20 42 31 46 
6 52 M 0.58 1.0 60 11 27 19 48 
7 56 M 1.00 3.4 32 2 14 8 50 
8 53 M 1.00 5.0 50 8 20 14 76 
9 55 M 1.00 1.2 58 15 30 22.5 72 
10 48 M 1.00 6.1 22 0 12 6 20 
11 63 M 1.00 1.0 60 8 10 9 40 
12 56 F 1.00 1.0 33 6 20 13 NA 
13 23 M 1.00 1.0 60 36 62 49 76 
14 50 M 1.00 1.0 2 0 2 1 28 
15 48 F 1.00 1.0 60 24 60 42 72 
16 70 F 1.00 2.0 11 3 3 3 0 
17 68 M 0.91 3.3 9 4 10 7 50 
18 59 M 0.82 1.0 53 19 35 27 72 
19 23 F 1.00 1.0 59 20 45 32.5 76 
20 24 F 1.00 1.0 59 31 45 38 58 
21 78 F 1.00 3.4 58 9 21 15 36 
22 65 M 1.00 14.0 55 18 36 27 68 
23 58 F 1.00 13.0 40 13 12 12.5 36 
24 72 F 1.00 1.5 0 0 0 0 NA 
25 50 M 1.00 2.9 0 0 0 0 42 
26 57 M 1.00 2.1 2 2 1 1.5 48 
27 51 M 1.00 1.1 37 8 15 11.5 66 
28 43 M 1.00 1.3 50 11 22 16.5 44 
29 24 M 0.83 2.3 21 9 14 11.5 2 
30 67 F 1.00 2.2 6 2 3 2.5 50 
31 62 F -1.00 4.4 33 20 23 21.5 62 
32 44 F 0.91 2.1 41 7 18 12.5 30 
33 62 M 1.00 2.6 54 10 19 14.5 63 
34 31 M 1.00 4.8 21 7 7 7 NA 
35 61 M 1.00 9.6 25 1 6 3.5 NA 
36 64 M -1.00 2.7 51 1 16 8.5 30 
37 38 F 0.91 1.8 46 11 12 11.5 72 
38 53 F 1.00 9.2 34 2 7 4.5 74 
39 54 M 0.92 3.3 33 5 19 12 55 
40 46 M 1.00 1.3 31 1 9 5 34 
41 90 F 0.71 1.3 3 0 0 0 0 
42 29 F 1.00 3.4 50 4 19 11.5 0 
43 67 M 1.00 12.4 34 2 16 9 26 
*EHI – Edinburgh Handedness Inventory, TSS – time since stroke, BNT – Boston 
Naming Test, COWAT – Controlled Oral Word Association Test, SFT – Semantic 
Fluency Test, %SD Correct -- % Semantic Decision Correct. 
Note: The average fluency score is the average of the COWAT and SFT.  
 
 
Supplementary Figure 2. Patient lesions. Patient lesions are shown on example slices. 
Patients are organized in columns, as indicated by the text above each column.  
 
Supplementary Analysis 3. Evaluation of result dependence on use of lesion volume 
and scanner covariates 
 
While our main analyses were performed using lesion volume as a covariate, 
additional analyses were performed to assess the stability of our results with and without 
scanner included as a covariate (since patients were collected on 2 different scanners) and 
with and without lesion volume as a covariate (where applicable). These analyses were 
performed to asses the effects of including scanner and lesion volume covariates on 
group results. Patients 1-20 were collected on the Phillips scanner, while patients 21-43 
were collected on the Siemens scanner. We note that median lesion volumes significantly 
differed between patients collected on each scanner (Mann-Whitney U-test p=0.027), and 
mean lesion volumes showed a trend-level difference (t41 = 1.83, p=0.075) between 
scanners. Control participants were all collected on the Phillips scanner. 
Scanner and lesion volume covariates: Mean canonical semantic network 
(CSN) activation still predicted fluency (partial r =0.56, p<0.001), naming (partial r=0.49, 
p=0.001), and SD performance (partial r=0.46, p=0.006) when both scanner and lesion 
volume were partialled out. Activity in left and right hemispheric portions of the CSN 
remained significantly correlated when both lesion volume and scanner were partialled 
out (partial r=0.79, p<0.001). The same was true when the mirror ROI was used (partial 
r=0.80, p<0.001), and when the out-of-network homologue ROI was used (r=0.70, 
p<0.001). Whole-brain regression results for models that included both scanner and 
lesion volume as covariates are shown in Supplementary Figure 3A.  
Scanner covariate only: Mean CSN activation still predicted fluency (partial r = 
0.56, p<0.001), naming (partial r=0.51, p<0.001), and SD performance (partial r=0.46, 
p=0.004) when only scanner was partialled out. Activity in the whole CSN remained 
negatively but non-significantly correlated with total lesion volume when scanner was 
partialled out (r=-0.17, p=0.28). Activity in left and right hemispheric portions of the 
CSN remained significantly correlated when only scanner was partialled out (partial 
r=0.79, p<0.001). The same was true when the mirror ROI was used (partial r=0.80, 
p<0.001), and when the out-of-network homologue ROI was used (r=0.69, p<0.001). Left 
CSN (partial r = -0.14, p=0.38) and right CSN (partial r=-0.22, p=0.17) activation 
remained negatively, but less significantly, correlated with lesion volume when scanner 
was partialled out. Whole-brain regression results for models that included only scanner 
as a covariate are shown in Supplementary Figure 3B.  
No covariates: Correlational results are provided in the main text. Whole-brain 
regression results for models that did not include either scanner or lesion volume as 
covariates are shown in Figure 3C.  
 
We note that results were highly similar for all analyses, indicating that scanner 
and lesion volume covariates had little effect on the results. While the minor effects of 
scanner are perhaps not surprising due to the use of identical scan parameters, our results 
suggest that lesion volume differences had only minor effects on functional MRI results 
in this sample.  
 
Supplementary Figure 3. Group analyses with and without different covariates included 
in the models. A. Whole-brain regressions with both scanner and lesion volume included 
as covariates. B. Whole-brain and right-hemispheric regressions with scanner included as 
a covariate. C. Whole-brain regressions with no covariates. Note: RH lesion volume 
effects are only shown for (B) because lesion volume is the variable of interest in this 
analysis, and thus scanner is the only applicable covariate.   
Statistical maps are thesholded at a voxelwise p<0.01 and cluster-corrected at p<0.01 
(126 voxels). Importantly, nearly identical results were obtained with and without each 
covariate included in the models.  
 
 
 
 
 
 
 
 
 
 
 
Supplementary Analysis 4. Semantic decision activation peaks for voxel-wise (FDR) 
correction thresholds.  
 
 
 
Supplementary Figure 4. Voxel-wise false discovery rate (vFDR) thresholded semantic 
decision activation maps for controls (A, vFDR<0.0005) and patients (B, vFDR<0.05) 
are shown along with tables detailing cluster and peak statistics. These data are intended 
to (1) demonstrate that the overall patterns of activation are robust even at stringent 
voxel-wise thresholds, and (2) provide more precise information about the peak locations 
for each group than the more liberally thresholded maps utilized in the primary analyses.  
 
 
 
 
 
 
 
 
 
Supplementary Analysis 5. Assessment of damage to “core conceptual network” 
that showed positive correlations between activity and all three language measures.  
 
To assess whether or not differences in activation of the core conceptual network that 
showed positive relationships to all three language measures might be driven by frequent 
damage to the network, we assessed lesion frequencies for each voxel included in the 
network. In addition, we assessed the relationship between mean activation within the 
network and total damage to the network. The results of these additional analyses are 
shown in Supplementary Figure 5. Only the left angular gyrus was lesioned in greater 
than 4 (~10% of) patients, and the voxel with the highest lesion frequency was damaged 
in 25/43 patients. Activation of the network was weakly negatively (not significantly) 
related to the amount of damage sustained by the network.  
 
 
 
Supplementary Figure 5. A. Lesion frequencies for regions where activation showed 
significant positive relationships to all language measures (i.e. network shown in Figure 
3B of the main text) are shown on a partially inflated brain (top), and on slices of a 
template brain with cross-hairs centered on the voxel with maximum in-mask lesion 
frequency. Colorbar values indicate the number of patients lesioned at each voxel. Only 
the left angular gyrus was lesioned in at least 10% (4/43) of patients, with slightly greater 
than half of patients (25/43) having damage to the left cerebral white matter underlying 
this region. B. Mean activation within the network showed a negative but non-significant 
relationship to the extent of damage to the network. This suggests that low levels of 
activity within this network are not likely to reflect widespread damage to these regions, 
but rather may reflect the effects of focal damage to regions that were more frequently 
damaged (such as the left AG) or to inter-regional connections.  
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